centrifuging for 10 min at 10,000 x g at 4 C. Virus was pelleted by centrifuging for 90 min at 40,000 x g at 4 C. The pellet was resuspended in about 5 ml of 0.1 M NaCl, 0.01 M Tris-hydrochloride (pH 7.4), 0.001 M EDTA (NTE), layered on a 25-ml 15 to 60% (wt/ vol) sucrose gradient in NTE and centrifuged for 90 min at 60,000 x g at 4 C. The visible virus band was collected and diluted with at least 2 volumes of NTE, and the virus was pelleted by centrifuging for 30 min at 140,000 x g at 4 C. The virus was resuspended in 2 ml of NTE, layered on a 10-ml 20 to 45% (wt/vol) gradient of potassium tartrate containing 10 mM Trishydrochloride (pH 7.4), and centrifuged for 5 to 16 h at 100,000 x g at 4 C. The virus band was collected and desalted by gel filtration on an agarose column (Biogel A5M) with NTE. Virus was stored at 0C.
Virus protein was measured by the method of Lowry et al. (9) with serum albumin as standard. Except where stated, FPV was used in all the experiments described here.
Influenza A viruses BEL and WS and influenza B LEE virus were purified in the same way. Purified Sendai virus was a gift from R. A. Lamb.
Assay of influenza virus RNA-dependent RNA polymerase. The polymerase assay procedure was based on those of Bishop et al. (3) and Mahy et al. (10) . The reaction mixture contained 50 mM Trishydrochloride ( lowed by three changes of 8% trichloroacetic acid and two rinses in EtOH. Disks were then dried and counted in toluene-based scintillation fluid in a scintillation spectrometer. Variations from these procedures are noted for individual experiments. Freshly prepared FPV incorporated 4 to 6 nmol of ['H]UTP into trichloroacetic acid-insoluble material/h per mg of virus protein in this assay. All FPV preparations used in these experiments incorporated at least 1.2 nmol of UTP/h per mg of virus protein.
Purification of GTP and GMP. GTP was purified from Guo, GMP, and GDP by anion exchange column chromatography on DEAE-cellulose. Whatman DE52 DEAE-cellulose was packed in a column (1 by 10 cm) and washed with 0.5 M NaCl and then with 10 mM Tris-hydrochloride, pH 8.2. All column operations were carried out at 4 C with a column flow rate of 30 ml/h. GTP (20 Mmol) was loaded on the column in 5 ml of 10 mM Tris-hydrochloride, pH 8.2. The column was developed with a 200-ml linear gradient of 50 to 150 mM KCl in 10 mM Tris-hydrochloride, pH 8.2. UV absorption of the effluent was monitored on a Uvicord. Trace amounts of Guo, GMP, and GDP were eluted and discarded. GTP was eluted at 120 mM KCl. Peak fractions were collected for immediate use in the polymerase assay.
5'-GMP was purified from Guo on a similar column at 20 C. GMP (15 Mmol) was loaded in 5 ml of 10 mM RNA digestion and fractionation conditions. RNA prepared as above was digested with snake venom phosphodiesterase, RNase Tl, or RNase A using the conditions of Sanger and Brownlee (13) .
RNase T, and venom phosphodiesterase digests were fractionated by chromatography on DEAE-cellulose paper (Whatman DE81). The paper was prewashed with 6% (vol/vol) acetic acid and then water, and dried. (Paper pretreated in this way develops faster and without the secondary front found with untreated paper.) The sample was applied over a 1-cm line together with 0.1 pmol each of desired UV marker nucleotides and nucleosides, and the chromatogram developed descending for 20 indicated, and denatured by mixing with 0.39 ml of Me2SO and incubating at 37 C for 20 min. A 0.59-ml amount of 3.4 x SSC (0.15 M NaCl plus 0.15 M sodium citrate), pH 7.0, with 0.5% SDS (at 37 C) was then added. The mixture now contained 40%T Me2SO, 2 x SSC, and 0.3% SDS: these constitute conditions suitable for formation of double-stranded RNA at 37 C (14) . The mixture was incubated at 37 C and 50-Il samples were taken at intervals up to 100 h. Each sample was diluted into 2 ml of 2 x SSC (pH 7.4) containing 100 ,ug of RNase A per ml (except for RNA labeled with [9H]Guo, where 3 Ag of RNase per ml was used). RNase treatment was for 30 min at 37 C. The sample was then chilled, 0.3 ml of 50% (wt/vol) trichloroacetic acid was added, and the remaining RNA was collected on a glass fiber disk. The disk was washed with six 10-ml batches of 8% trichloroacetic acid, rinsed with EtOH, dried, and counted in toluene-based scintillation fluid.
RESULTS
Molecular specificity of the polymerase activators. We were interested in determining whether the virion RNA-dependent RNA polymerase is affected in vitro by intracellular metabolic regulators, specifically 3',5'-cyclic AMP and 3',5'-cyclic GMP. We found that cyclic AMP had no effect, but polymerase {tctivity was stimulated 1.5 times by cyclic CMP. We tested related compounds and found that the largest stimulations were shown by guanosine (up to fourfold) and 5'-GMP (up to threefold). The polymerase assay system used at this time contained 2 mM GTP. We found that the optimum GTP concentration, for 30-min incubation periods, was 0.2 to 0.4 mM. In further experiments. GTP was used at 0.2 mM to minimize presence of guanosine or 5'-GMP from GTP breakdown. Table 1 shows that stimulatory guanosine compounds, in order of decreasing effectiveness, were: Guo > 5'-GMP > 3',5'-cyclic GMP > GDP. 3'-GMP inhibited the polymerase. Table  1 also demonstrates that the guanosine structure, rather than a component part of it, constitutes the active agent. 5'-GMP was the only common 5'-NMP giving this effect, and guanosine was the only ribonucleoside: AMP, IMP, XMP, CMP, and UMP, and adenosine, inosine, xanthosine, cytidine, and uridine had no effect when added singly to the polymerase reaction at 0.5 mM.
The dependence of the activation effect on concentration of Guo and 5'-GMP was determined ( Fig. 1 ). For a given stimulation, 10 to 30 times more GMP than Guo is required. Thus, a 3% contamination of the GMP with Guo could give the observed activation. However, we consider that 5'-GMP per se does give the activation effect, since activation was also observed with a 5'-GMP preparation from which any Guo had been specifically removed, but an activation effect caused by rapid conversion of GMP to Guo cannot be excluded.
We tested a number of Guo analogues to determine the parts of the molecule necessary for activation (Table 2) . We conclude that the produced from the sequence ---GpGp---; otherwise the label should be in oligonucleotides (17) . We therefore expect about one quarter of the label to appear as 3'-GMP. (Fig. 3) . Electrophoresis of the digest on DEAE-paper at pH 1.9 indicated that the 3H was present as GpCp (Fig. 3) .
Characteristics of the guanosine incorporation reaction. (Fig. 4) . Guo incorporation continues at least until 60 min after starting incubation, when net incorporation of GTP has ceased. During the first 45 min of incubation, about one Guo molecule was incorporated for each 100 molecules of GTP incorporated. RNA was purified from samples labeled with
[3IH]Guo for 30, 60, and 90 min, and digested with venom phosphodiesterase. As with a 15-min incubation sample (above), > 88% of the 3H was then found as Guo, i.e., had come from the 5' terminus of an RNA chain. The dependence of Guo incorporation on Guo concentration was determined (Fig. 5) . Figure 5 also compares Guo incorporation with the stimulation of virion polymerase by Guo (data replotted from Fig. 1) .
Incorporation of Guo into RNA was dependent on ATP and CTP, but omission of GTP or UTP did not reduce Guo incorporation (Table  5) . We attempted to remove NTPs from a virus preparation by detergent treatment followed by dialysis. This preparation gave the same pattern of NTP dependence ( (Fig. 6A). [3H]Guo incorporation also shows inhibition, with a similar response to variation in Ca2+ concentration (Fig. 6B) Figure 7 shows that RNA made in the standard polymerase reaction (no Guo stimulation) is partially and slowly converted to a doublestranded, RNase-resistant form in the absence of added vRNA. Addition of vRNA to the annealing mixture gives more rapid annealing to about 90% RNase resistance. The labeled RNA thus behaves as complementary to vRNA. A qualitatively similar result is obtained with RNA made in the stimulated polymerase reaction, demonstrating that in this case also the synthesised RNA is complementary to vRNA.
RNA labeled with [3H ]Guo also behaves as cRNA in its annealing kinetics, and behaves similarly to RNA labeled under the same conditions with [3H ]GTP (Fig. 8) ribose rings) are necessary, so some other interactions, presumably with protein, are involved. Finally, substitution of the 3'-OH by phosphate results in inhibition of the polymerase, so this group may be involved closely with the mechanism of stimulation.
We divided possible mechanisms of stimulation into three classes: class 1, the Guo is directly involved in the polymerase reaction and is incorporated into the cRNA; class 2, the guanosine activates the polymerase protein in a specific binding reaction but is not involved in covalent linkage in cRNA; class 3, the activation is indirect-for example, the guanosine inactivates a protein inhibiting the polymerase. The indication that the 3-OH group of Guo was involved in the stimulation reaction suggested the following, class 1 mechanism: Guo, or 5'-GMP, is preferentially incorporated as .the 5' terminus of the nascent cRNA chain synthesised by the virion polymerase. Most of our further work on Guo stimulation was aimed at studying this hypothesis.
We showed, using high specific activity [3H ] Fig. 4 (0.1 mM), about 75% of cRNA chains are initiated with Guo ( Fig. 1 ) and each chain contains (weight average) about 75 GTP residues, i.e., is about 300 residues long. We conclude that the level of Guo incorporation observed is of an order consistent with the mechanism proposed.
We have shown that influenza polymerase can initiate cRNA synthesis with Guo and, probably, with 5'-GMP and 5'-GDP. Hefti et al. (7) have shown that GTP can also act as initiating nucleotide. The order of effectiveness for initiation is then Guo > GMP > GDP e GTP (data of Table 1 ). This preferential initiation is adequate to account for the activation effects described, although we have not formally excluded other possible mechanisms or effects. We believe this to be the first demonstration of initiation of synthesis of a nucleic acid chain with a nucleoside. The activation effects with GpG and GpC suggest that they too can act as chain initiators. The DNA-dependent RNA polymerase of Escherichia coli can also initiate chains with dinucleoside monophosphates in vitro (6) .
It has been shown that influenza virus preparations contain a number of' enzyme activities which can be removed with the surface components to leave internal ribonucleoprotein particles with active polymerase (7) . We have not yet tested such isolated cores for guanosine stimulation or incorporation. Given the magnitude of the eff'ects on RNA synthesis in vitro, it seems unlikelv that they should be due to adventitiously associated enzymes. This work has been concerned wholly with properties of the polymerase in vitro and may not relate directly to influenza RNA synthesis in vivo. However, two points emerge clearly.
First, the chain initiation process is specific in that it always involves guanosine-containing molecules (NTPs other than GTP do not initiate [7] ). Second, GTP is a relatively poor initiator. It is possible that in vivo some other molecule acts as initiator, for instance an RNA species.
There is evidence that some virus mRNAs are subjected to a modification of the 5' terminus after transcription, by methylation and other substitutions (11, 15, 19) . Do such modifications bear any functional relations to the phenomena described here? We have postulated that Guo can be incorporated as the first residue of the growing cRNA chain. An alternative (and more complex) schema is that Guo is added to a pre-existing partial cRNA chain by a novel enzyme activity, and that this addition then allows more rapid synthesis of the rest of the RNA.
